Stem cell transplantation forms an integral part of the treatment for multiple myeloma. This paper reviews the current role of transplantation and the progress that has been made in order to optimize the success of this therapy. Effective induction chemotherapy is important and a combination regimen incorporating the novel agent bortezomib is now favorable. Adequate induction is a crucial adjunct to stem cell transplantation and in some cases may potentially postpone the need for transplant. Different conditioning agents prior to transplantation have been explored: high-dose melphalan is most commonly used and bortezomib is a promising additional agent. There is no well-defined superior transplantation protocol but single or tandem autologous stem cell transplantations are those most commonly used, with allogeneic transplantation only used in clinical trials. The appropriate timing of transplantation in the treatment plan is a matter of debate. Consolidation and maintenance chemotherapies, particularly thalidomide and bortezomib, aim to improve and prolong disease response to transplantation and delay recurrence. Prognostic factors for the outcome of stem cell transplant in myeloma have been highlighted.
Introduction
Multiple myeloma (MM) is a plasma cell disorder that usually involves the elderly. Approximately 65% of patients are over 65 years of age 1 and age is an independent prognostic parameter for treatment outcome of MM. 2 Myeloma in patients under 50 years of age has more favorable characteristics and shows better survival; an analysis of 10,549 patients from the International Myeloma Working Group (IMWG) provides important eligibility criteria for high-dose therapy (HDT) with autologous hematopoietic stem cell transplantation (ASCT). 2 The outcome of MM patients treated with conventional therapy is usually unsatisfactory with poor long-term survival. There is sufficient evidence available to establish complete response (CR) as an endpoint of treatment efficacy. [3] [4] [5] Before the introduction of novel immunomodulatory drugs such as thalidomide and lenalidomide, and proteasome inhibitor bortezomib, the CR rate after induction therapy including conventional chemotherapy (CCT) was less than 10%. 6 Therefore, HDT and ASCT were integrated to increase the response rate.
ASCT has been an integral component of up-front therapy for younger MM patients for more than two decades and this has, at least in part, contributed to the improvement in survival seen in recent years. 7 HDT and ASCT are now seen as the standard of care for younger patients with MM and will form part of the treatment plan at some stage, be it initially or at the time of progression. 8 Since the widespread adoption of ASCT in MM, different sequential treatment strategies have been explored, with each stage producing progressive tumor cytoreduction and increasing depth and rate of response. 9, 10 Many studies have been published that evaluate the use of stem cell transplantation (SCT) in MM. These have been comprehensively appraised in this review which covers the following areas: Induction and conditioning regimens (primarily in ASCT), different transplant protocols (namely ASCT, allogeneic SCT, tandem SCT), timing of SCT, consolidation and maintenance therapies post-SCT, prognostic factors and future directions of treatment. This paper will focus on first-line treatment in MM patients eligible for transplant; the treatment of refractory and relapsed disease post-SCT will not be covered in detail but will be touched upon in the context of the above areas.
Methodology of research
Papers for this review were identified by searches of Medline, using keywords: STEM CELL TRANSPLANTATION and STEM CELL TRANS-PLANT and AUTOLOGOUS TRANSPLANTATION and AUTOLOGOUS TRANSPLANT and MYELOMA. Limits added to this search were: i) human studies, ii) written in English, iii) all clinical trials, and iv) published between 1990 and the present day. The latter was considered suitable as this was the period in which the first stem cell transplantations for myeloma were reported (with the exception of a few case studies). Additional relevant papers identified were also referred to where appropriate.
Induction regimens
Different regimens trialed in ASCT have been reviewed by the IMWG. 11 Important induction regimens which have demonstrated capability of inducing high CR, near CR (nCR) and very good partial response (VGPR) rates in phase III trials have been summarised in Table 1 . A complicating factor in the interpretation of these trials is the lack of a standardized approach with respect to transplant allocation; patients had the option of undergoing upfront elective SCT or remaining on all or some of the drugs in induction, which introduces considerable bias when assessing the long-term effect of these regimens.
Better response to induction regimen before SCT, especially CR status, has been shown to improve survival outcomes post-transplantation in several studies. 3, 4 This emphasizes the importance of developing optimal induction regimens to maximize benefit from stem cell transplantation. CR rates have been enhanced by the widespread introduction of novel drugs, thalidomide, lenalidomide and bortezomib. 19 
Thalidomide-based regimens Thalidomide+dexamethasone versus dexamethasone
The effectiveness of thalidomide as induction therapy has been identified in several phase II clinical trials. 20, 21 A subsequent phase III trial, by The Eastern Cooperative Oncology Group (ECOG), confirmed this finding with an increase in post-induction response rate (RR), objective response defined as at least 50% reduction in monoclonal protein levels) when thalidomide+dexamethasone (TD) therapy was compared with dexamethasone alone. However, this occurred at the expense of increased toxicity and the study did not assess response or survival post-ASCT which is arguably more clinically relevant. 12 
Thalidomide+dexamethasone versus vincristine+doxorubicin+ dexamethasone
The Bologna 2002/96 study, a retrospective analysis of 135 matchpairs of younger previously untreated MM patients who subsequently underwent tandem ASCT, compared TD with standard vincristine+dox-orubicin+dexamethasone (VAD) therapy. A significant increase in response, namely at least VGPR, was found post-induction (30% vs 15%, P=0.003) and sustained post-first and second ASCT (60% vs 30.5%, P<0.001 and 68% vs 49%, P=0.001, respectively). Progression-free survival (PFS) was greater in the TD group (at 4 years 51% vs 31%, P=0.01) and overall survival (OS) had a tendency to be prolonged (at 5 years 69% vs 53%, P=0.07), with novel agents administered postrelapse potentially obscuring the overall benefit. 22 However, a prospective randomized controlled trial (RCT) comparing TD with VAD (n=100 vs 104) in a similar patient population showed that despite a higher pre-transplant VGPR to TD (34.7% vs 12.6%, P=0.002) both groups had similar VGPR post-transplantation. In the TD group, venous thromboembolism was significantly increased. 23 Thalidomide in combination TD along with doxorubicin and cyclophosphamide has been shown to produce better response rates when compared with VAD-based regimens. 8 The multi-center phase III trial (MRC Myeloma IX) comparing thalidomide+cyclophosphamide+dexamethasone induction therapy with VAD in combination with cyclophosphamide revealed greater CR and comparable survival rates in the thalidomide group. 13 The HOVON-50 trial showed that thalidomide in combination with adriamycin and dexamethasone (TAD) induction therapy was superior to vincristine+adriamycin+dexamethasone (VAD2). PFS and eventfree survival (EFS) were increased in the thalidomide group post-ASCT but different maintenance therapies used in the two treatment groups may have influenced these results. OS rates were similar but the authors proposed that a longer follow-up period might elicit a significant difference in favor of thalidomide. 14 
Bortezomib-based regimens Bortezomib+dexamethasone
A phase lll trial [Intergroupe Francophone du Myelome (IFM 2005-01)] comparing the novel agent bortezomib+dexamethasone (VD) with the traditional VAD induction regimens found a consistently increased CR/nCR pre-and post-1 st /2 nd transplants, including when the analysis was restricted to only those who ultimately received transplant and in those with high-risk disease. This translated into a similar OS rate but a trend towards an increase in PFS. Safety profiles were comparable, with reduced toxicity-associated deaths in the bortezomib group but increased rates of peripheral neuropathy. In addition, fewer patients in the bortezomib group required a 2 nd ASCT (38.6% vs 56%, P=0.001). 15 
Bortezomib in combination
Bortezomib in combination with other cytotoxic drugs has shown promising benefits. 8 A retrospective analysis compared two multi-drug induction therapies: total therapy 3 (TT3) which included bortezomib and total therapy 2 (TT2) which did not (n=303 vs 668). This showed a significantly longer duration of CR (albeit the same initial response), increased EFS and a trend towards increased OS in the total therapy groups. This was in spite of a shorter follow up and significantly different characteristics of the TT3 group, namely older population, greater prevalence of raised beta-2-microglobulin (b2m) and higher stage disease. 24 A meta-analysis of 4 phase III randomized trials (total 2086 patients) comparing bortezomib-containing combination induction regimens (BCIR) and non-BCIR showed favorable outcomes in the bortezomib group at post-induction as well as post-transplant. PFS and OS were also superior in the bortezomib group. However, adverse events, namely peripheral neuropathy and herpes zoster infections, were higher in BCIR with relative risks of 4.69 (P=0.000) and 2.197 (P=0.001), respectively. 25 
Lenalidomide
Lenalidomide, a drug relative of thalidomide, could potentially offer improved benefit with a much lower incidence of peripheral neuropathy (PN). 8 Early trials assessing the potential use of lenalidomide in induction therapies have been carried out but have not yet reached large-scale phase III trials.
Bortezomib+thalidomide
In light of the confirmed benefits of both TD and bortezomib, several studies have explored the use of these in a triple therapy regimen (VTD increase in CR/nCR post-induction in the bortezomib group , 16 findings which have been supported by work by the Spanish Myeloma Group (PETHEMA/GEM). 17 However, in both trials, incidence of PN was increased in the triple therapy group. A recent IFM-led randomized trial comparing VD with reduced dose bortezomib, thalidomide and dexamethasone (vtD) showed an improvement in at least VGPR and reduced incidence of PN in the triple therapy group. However, with increased consolidation treatment in the VD group post-ASCT, conclusions regarding OS cannot be drawn. 8 
Bortezomib+lenalidomide
Lenalidomide in combination with VD therapy has been investigated in a small phase I/II trial, proving effective with favorable tolerability, warranting further investigation. 26 Quadruple therapy has been explored but results are conflicting regarding the potential benefit over triple therapy. One phase I/II trial, assessing the combination of lenalidomide, bortezomib, pegylated doxorubicin and dexamethasone, suggested that a 4 th agent could augment the responses seen. 27 However, the phase II EVOLUTION trial found that triple combinations of either lenalidomide or cyclophosphamide with bortezomib and dexamethasone and the 4-drug regimen produced comparable responses, and greater toxicity was seen with the latter. 28 The authors suggest that triple therapy is the most promising and use of cyclophosphamide instead of lenalidomide has potential cost saving benefits.
Induction regimens: conclusions
Based on current evidence, for transplant-eligible MM patients, a bortezomib-based induction is associated with improved disease control after transplantation and should be considered the standard of care in the absence of a randomized trial comparing this with lenalidomide. For the moment, VD forms the backbone of induction therapy in myeloma. Novel agent combination therapy may feature more prominently in the future but further investigation is needed.
Conditioning regimens
The first stem-cell transplantations with HDT used total body-irradiation (TBI, 840cGy) and then melphalan 140 mg/m 2 (MEL140). 29 Whilst effective, this therapy proved toxic. The use of triple alkylator therapy, namely thiotepa, reduced-dose busulfan and cyclophosphamide, was explored as an alternative; a good response was seen but treatment-related mortality (TRM, 13%) was similar to MEL140+TBI treatment. 30 The IFM 9502 randomized trial compared MEL200 with MEL140+TBI (n=142 vs 140) in younger, newly diagnosed MM patients undergoing ASCT. MEL200 was less toxic and at least as effective, with suggestions of increased response and survival benefits (45-month OS: 64% vs 46%, P=0.05). There were shorter periods of hospitalization, neutropenia and thrombocytopenia, and lower rates of severe mucositis in the MEL200 group. 31 Typically, a 20-30% CR is seen with this high-dose melphalan therapy (HDM). Currently, HDM is accepted as the standard preparative regimen for ASCT, as no other treatment has yet offered better outcomes with acceptable toxicity levels. However, relapse in MM is almost inevitable prompting further trials of different combination therapies. So far, results are inconclusive, particularly as in many exploratory retrospective studies prior induction therapies differ between groups.
Bortezomib+high-dose melphalan therapy
Bortezomib (Bor) in combination with MEL200 was compared with MEL200 alone (n=46 vs 115) in a retrospective study using matched controls from a previous study by the same IFM group. They found a significantly increased CR rate with Bor+HDM (35% vs 11%, P=0.001) with no adverse toxicity, and whilst survival analyses were not compared, estimated 2-year PFS and OS were 75% and 96%, respectively. 32 Therefore, Bor+HDM is a promising regimen but randomized trials are required to confirm any potential benefits over melphalan alone. Of note, post-ASCT CR rate (11%) in the historical control group was inferior to that normally expected with melphalan alone. This may have contributed to the apparent superiority of the Bor+HDM regimen, especially as there was not much difference between the CR rate seen with this treatment (34%) and that normally seen with HDM alone.
Busulphan+high-dose melphalan therapy
A small study of 30 patients comparing BUMEL (busulfan 16 mg/kg + melphalan 100 mg/m 2 ) with MEL200 alone found overall response was greater in the BUMEL group (85% vs 75%, P<0.05) as was median PFS (10.5 vs 9 years, P=0.05) but OS and toxicity profiles were similar. 33 The Spanish PETHEMA/GEM2000 trial compared BUMEL (busulfan 12 mg/kg + melphalan 140 mg/m 2 ) with MEL200 (n=225 vs 542); this was an open switch study due to the high frequency of veno-occlusive disease (VOD) seen with BUMEL. An increase in overall TRM was seen (8.4% vs 3.5%, P=0.002) in the BUMEL group largely due to VOD. Single or tandem transplants were offered depending on whether or not CR/nCR was achieved post-1st transplant; those in the BUMEL group had a higher rate of tandem transplantation (54% vs 35%, P=0.001). PFS was increased with BUMEL therapy (median 3.4 vs 2.5 years, P=0.009) which persisted when tandem transplants were excluded. 34 
Carmustine+high-dose melphalan therapy
Recently, carmustine (500 mg/m 2 ) was trialed with MEL200 (BCNU/HDM) in a retrospective comparative study with HDM alone (104 vs 103 patients, respectively). This found an increased EFS in the BCNU/HDM group (3.5 vs 1.8 years, respectively, P=0.013) with 17% of patients event-free without any further treatment at seven years. There was also a trend for prolonged OS in this group. 35 Carmustine (300 mg/m 2 ) has also been trialed in combination with etoposide, cytarabine (both 100 mg/m 2 ) and melphalan (140 mg/m 2 ) in the BEAM regimen and compared with melphalan alone (140 or 200 mg/m 2 ) in a retrospective study (76 vs 103 patients, respectively). 36 This study also found survival benefits with combination therapy with a reduction in treatment failure (37%, P=0.01) and death (31%, P=0.009) in the BEAM group. In both of these studies, follow-up periods were much shorter in the HDM alone group which may have affected the results seen. However, TRM rates were similar and it would appear that high-dose combination regimens warrant further investigation in prospective randomized trials.
Transplantation protocols

Type of transplantation
Single versus double autologous hematopoietic stem cell transplantation Double ASCT has improved survival markers when compared with single ASCT in several phase III clinical trials ( Table 2 ). The Bologna 96 study, a large RCT of 321 patients, found a significant increase in CR/nCR, EFS and relapse-free survival (RFS) with upfront tandem versus single ASCT. The benefit was most notable in the subpopulation who failed to achieve nCR post-1 st ASCT. 37 In the IFM 96 randomized study, a trend towards an increase in response was seen with tandem Cr, complete response; nCR, near CR; VGPR, very good partial response; PFS, progression-free survival; EFS, event-free survival; RFS, relapse-free survival; OS, overall survival; ASCT, autologous hematopoietic stem cell transplantation; prev. Tx, previous treatment; n/a, not available; TRM, treatment-related mortality; NRM, non-relapse mortality; ITT, intention-to-treat; NS, not significant; SCT, stem cell transplantation; RIC, reduced-intensity conditioning allo-SCT.
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ASCT but did not reach significance in intention-to-treat analysis. There was, however, a significant increase in EFS, RFS and estimated OS. The survival benefit was enhanced in the subgroup of patients who failed to demonstrate a good response three months post 1st-transplant, when 7-year OS increased from 11% to 43% (P<0.001). On the contrary, in those with at least VGPR after 1 st ASCT, there was no significant increase in response post-2 nd ASCT. This study suggested the importance of a significant follow-up period, in this case a minimum of five years, in order to see the survival benefits of tandem ASCT. 38 Another prospective study, albeit non-randomized, supported these findings. 48 A multivariate analysis incorporating several trials discussed above has supported the benefit of tandem over single transplant and standard chemotherapy (HR=0.61, P<0.001). 49 Whilst consistently improved response rates are reported with double transplants, it is not clear how much of this is attributable to the transplant per se or due to different regimens and absolute doses of chemotherapy administered in the induction and conditioning processes.
Triple autologous hematopoietic stem cell transplantation: small feasibility trials Small trials have investigated the possibility of triple ASCT, with low dose melphalan (100 mg/m 2 ) in those patients with advanced disease and poor performance status. These aimed to address the feasibility of this new treatment option in this large subgroup of patients who are unfit for high-dose transplant. The protocol was tolerated with promising results, albeit with small numbers, but larger studies are required before firm conclusions can be drawn. 50, 51 Role of allogeneic stem cell transplantation
The role of allogeneic SCT (allo-SCT) in MM is still a subject for debate and needs further exploration in clinical trials as TRM and graftversus-host disease (GvHD) remain unacceptably high even in the nonmyeloablative/reduced-intensity conditioning allo-SCT (RIC allo-SCT) setting. The IMWG has recently reviewed the role of allo-SCT in MM and studies comparing ASCT with RIC allo-SCT were summarized in that review. 52 Several studies have not found any significant benefit of allo-SCT over ASCT. 53, 54 A large retrospective case-matched study by the European Group for Blood and Marrow Transplantation (EBMT) incorporating 189 patient pairs with comparable characteristics (except for median age, lower in the allogeneic group) identified a lower combined relapse/progression rate with allo-SCT (P=0.04) but this did not outweigh the accompanying increase in TRM (3 years: 41% vs 13%, P=0.0001) and reduction in OS (median 1.5 vs 2.8 years, P=0.001). 54 Alternative regimens of reduced-intensity conditioning have now been widely adopted to improve TRM. A comparative study of RIC versus myeloablative allo-SCT by the EBMT, combining data from 103 centers, concluded that the reduction in non-relapse mortality and acute GvHD seen with RIC allo-SCT were not offset by the increased relapse rate. However, interestingly, there was marked heterogeneity between patient groups and RIC regimens, and increased use of T-cell depleting agents, particularly alemtuzumab, in the RIC allo-SCT group, associated with higher relapse rates. 55 At present, allo-SCT, including RIC regimens, as part of front-line therapy should be considered only in the context of clinical trials. Younger high-risk MM patients or patients who have suboptimal response to induction therapy can be considered for this approach if a fully matched donor is available, otherwise this should be used as a salvage therapy.
Autologous hematopoietic stem cell transplantation versus auto-allo tandem transplants
Several phase III trials (Table 2 ) discussed below have compared single/tandem ASCT with auto-allo tandem SCT. Results are conflicting due, at least in part, to differences in patients' characteristics and chemotherapy regimens. Studies were genetically randomized depending on the availability of human keukoyte antigen (HLA)-matched donors and RIC allo-SCT was used.
Both an EBMT and an Italian multicenter trial have favored auto-allo SCT over ASCT in terms of response, PFS and OS. [39] [40] [41] In the EBMT trial, the benefits in the auto-allo group were only seen two years post-treatment, emphasizing the importance of long follow-up periods. In this study, less than half of the control group received a tandem transplant; this may have influenced the results but similar results were seen overall and in the tandem group sub-analysis. 39 Similarly in the Italian study, a large number of patients were unable to receive both allocated transplants. Thus the difference in CR was not significant when groups were compared on an intention-to-treat (ITT) basis. 40, 41 However, survival markers were still improved and the presence of an HLA-identical sibling was associated with improved outcome regardless of the actual treatment received in both this study and the HOVON trial. 42 In the HOVON 50/54 and PETHEMA/GEM trials, results were inconclusive, with a tendency towards increased PFS in the autoallo group at the expense of increased TRM. 42, 43 Of note, in the HOVON trial the majority of the control group received only one ASCT.
A further multicenter study (BMT-CTN 0102) of 625 standard risk myeloma patients found no significant differences in survival between groups but an increase in TRM in the auto-allo group. 44, 45 A secondary analysis of a cohort of 85 high-risk myeloma patients found a tendency towards reduced incidence of relapse/progression in the auto-allo group at three years (33% vs 53%, P=0.09) warranting further investigation. 56 An IFM trial focusing on high-risk patients (i.e. raised 2 m and chromosome 13 abnormalities) found that tandem ASCT was at least equivalent to auto-allo SCT, with a trend towards an increase in OS with tandem ASCT. 46, 47 
Syngeneic transplant
Whilst this option is limited to a small subpopulation, results have been promising. A retrospective case-matched control analysis of 80 syngeneic transplants identified a lower relapse/progression rate in the syngeneic group in comparison to ASCT (RR=0.49, P=0.011) although OS was similar. There was a trend towards an increase in TRM and only 2 cases of mild GvHD. 57 A smaller case-matched comparative EBMT study found improved PFS and a tendency towards increased OS in syngeneic transplant recipients compared with ASCT and allo-SCT, albeit with a similar CR. 58 
Timing of 1 st transplant
One ongoing clinical question is whether to use stem cell transplant as an initial intensifying regimen upfront or as a reserve strategy for those who relapse. This will become increasingly relevant as newer induction therapies produce better CR/VGPR rates: will the additional benefits of SCT outweigh the risks of associated mortality and morbidity? One multicenter randomized trial investigated optimal timing of ASCT in young myeloma patients with an early group receiving transplant upfront (n=91) and a later group receiving CCT +/-rescue SCT (n=94) if primary resistance or relapse occurred. OS was similar, exceeding five years in both groups (P=0.92), but EFS was unsurprisingly longer in the upfront group. (It was acknowledged that a direct comparison between groups was perhaps not valid as the CCT group ultimately received HDT post-relapse.) Upfront SCT may be preferred due to the shorter period of chemotherapy. 59 A post hoc retrospective analysis of an ECOG study compared upfront ASCT with continued lenalidomide and dexamethasone. All patients were initially treated with four cycles of the above chemotherapy. There was an apparent OS benefit of upfront SCT in all age groups (3-year: 94% vs 78% in those <65 years) although direct comparison was limit-ed as this trial was not randomized. 60 A randomized phase III study of 402 younger, newly diagnosed patients also identified a potential survival advantage of upfront ASCT over chemotherapy alone (melphalan+prednisolone+lenalidomide). However the improvement in 2-year PFS (73% vs 54%, P<0.001) did not convert into OS benefit and greater toxicity was seen in the ASCT group. 61 Timing of 2 nd transplant: reserve as salvage therapy?
Whilst the treatment of relapse post-SCT is not the focus of this review, it is worth mentioning that there is scope for single transplantation with a subsequent transplantation post-relapse, rather than tandem transplantation upfront.
In one study, 130 patients underwent HDT and ASCT +/-second ASCT in the case of relapse/progression; 107 (82%) patients completed the 1st stage and in the 70 patients who relapsed or progressed, 26 underwent a 2 nd transplant. Median OS and EFS were 3.2 and 1.2 years, respectively, after 2 nd transplant; notably less than the studies above with upfront tandem transplants. Interestingly, in 10% of patients it was more than one year until the best response was seen post-1 st transplant, suggesting that at least part of the response seen with tandem ASCT may be due to delayed effects of the 1 st ASCT. 62 
Consolidation regimens
Residual disease is almost always present after transplantation in MM patients and is responsible for relapse. However, the role of minimal residual disease (MRD) testing has not been widely adopted in MM. Until recently, achieving a CR, as defined by IMWG criteria was rare in patients with MM. 63 A multicenter Italian study investigated the effect of a consolidation regimen, which included VTD, on MRD by qualitative and real-time quantitative polymerase chain reaction (RQ-PCR). Patients with MM responding to auto-SCT, achieving at least very good partial response, with an available molecular marker based on the immunoglobulin heavy-chain rearrangement, received VTD consolidation. Thirty-nine patients were enrolled, with 31 receiving all four VTD courses. Immunofixation CR increased from 15% after ASCT to 49% after VTD consolidation. Molecular remissions (MRs) were 3% after ASCT and 18% after VTD. Median time to maximum response was 3.5 months. No patient in MR has relapsed at a median follow up of 42 months. 64 In a randomized phase III study, superior CR/nCR rates and extended PFS were demonstrated with VTD versus TD as induction therapy before, and consolidation after, double ASCT for newly diagnosed myeloma patients. Although there was no significant difference in CR/nCR rates before starting the consolidation in the VTD (63.1%) and TD arms (54.7%), after consolidation CR/nCR (73.1% vs 60.9%) rates were significantly higher for VTD-treated patients; this was accompanied by an increase in 3-year PFS (60% vs 48%). Grade 2-3 peripheral neuropathy (8.1% vs 2.4%) was more frequent with VTD consolidation. 65 The superior efficacy of VTD versus TD as induction was retained despite readministration as consolidation therapy after double ASCT.
Maintenance regimens
The consensus definition of maintenance therapy in myeloma is any treatment administered after the completion of induction therapy in patients whose disease is either responsive or non-progressive at that time, with the goal of prolonging survival. In an attempt to delay relapse, which is inevitable in a large proportion of patients, several maintenance strategies have been investigated. These have been recently summarized in an IMWG review but none of the current drugs have yet been approved. 66 With no widely adopted standard treatment, choice of maintenance treatment remains a personal one based on the individual. The immunomodulators thalidomide and lenalidomide have been the most frequently studied maintenance drugs, given their established anti-myeloma efficacy and ease of oral administration. Relevant phase III trials are summarized in Table 3 .
Thalidomide
Benefits have been demonstrated with thalidomide in several RCT. 67, 68 Another study by the MRC-UK (Myeloma IX trial) investigated the role of maintenance thalidomide compared with no maintenance therapy in an open label, multicenter RCT, with particular consideration given to cytogenetic profiles (using FISH). PFS was increased with thalidomide therapy but there was no overall significant difference in OS which was in fact worse in those with poor cytogenetics. Poorer median OS post-progression in the thalidomide maintenance group was only seen in those (41%) who received thalidomide salvage therapy, which may be related to the emergence of drug-resistant subclones. The toxicity profile of thalidomide caused a high dropout rate with median duration of treatment of only seven months. 69 The MRC group also performed a meta-analysis of five RCT trials (including the three above) incorporating 2456 patients, focusing on only OS, and found an increase with thalidomide maintenance therapy (P=0.047). The heterogeneity between studies, largely due to use of thalidomide post-relapse, was removed by modeling the results with effective salvage therapy and also increased the apparent impact of thalidomide on OS (P<0001); the authors suggest that better salvage therapies may improve potential OS benefit of thalidomide maintenance therapy. 69 Another meta-analysis by the IMWG found an increase in both PFS (HR 0.64, P<0.000) and OS (HR 0.84, P<0.001). 66 A further large meta-analysis of phase III trials of thalidomide maintenance therapy, incorporating 3194 patients confirmed superiority of this treatment in terms of both PFS (HR 0.62, P=0.000) and 3-year OS (HR 0.8, P=0.001). Significant toxicity was seen in the thalidomide maintenance group, namely peripheral neuropathy and thromboembolic events which were particularly pronounced with thalidomide and steroid in combination. 75 
Lenalidomide
The peripheral neuropathy seen with thalidomide may be avoided with a related immunomodulator and antiangiogenic drug, lenalidomide. A placebo-controlled IFM-led RCT (2005-02) investigated the efficacy of lenalidomide maintenance therapy after SCT and found that it was well tolerated and increased PFS but not OS. 70 In a further doubleblind RCT of 460 patients (CALGB 100104 trial with 231 vs 229 on lenalidomide and placebo, respectively) lenalidomide also improved survival markers. However, lenalidomide also, unsurprisingly, caused greater toxicity than placebo, albeit to an apparently lesser extent than thalidomide. 71, 72 Additionally, there are long-term side effects to consider, namely increased incidence of subsequent malignancies with lenalidomide, seen in both studies.
Bortezomib
The HOVON-65/GMMG-HD4 trial investigated the role of bortezomib maintenance. Arm A received standard VAD induction therapy and lowdose thalidomide 50 mg/day post-ASCT and Arm B was given bortezomib-containing bortezomib+doxorubicin+dexamethasone induction therapy and bortezomib maintenance (1.3 mg/m 2 every 2 weeks). Survival markers were significantly better in Arm B containing bortezomib. 73 [Oncology Reviews 2012 Interferon-alpha has been investigated in several RCT with conflicting results. One meta-analysis of 30 RCTs (13 in maintenance therapy with a total of 1615 patients) found a prolongation of relapse-free and overall survival with interferon maintenance: 4.4 (P<0.01) and 7.0 (P<0.01) months respectively. 76 In the IFM 90 trial, comparing HDT and standard-dose therapy in myeloma patients, interferon maintenance was randomly assigned to those achieving more than 75% response; no significant benefit of interferon was seen. 74 
Prognostic factors in transplantation
In addition to response to induction therapy, there are numerous other factors which may help predict outcome of SCT.
Previous treatments
Administration of only one treatment regimen prior to SCT is associated with better survival, 77 whereas previous radiotherapy and more than two chemotherapy regimens is linked to poorer outcomes. 78 Previous ASCT is predictive of longer PFS and OS in RIC allo-SCT. 79 Pre-transplant molecular, cytogenetic and biochemical factors
Overexpression of cyclin-D1 is associated with longer remission periods (41 vs 26 months, P=0.02). 80 Higher b2 m levels at diagnosis (>3.5 mg/mL) are predictive of shorter survival in tandem auto-allo SCT, 81 whilst lower levels predict longer PFS and OS post-SCT. 77, 78 Increased expression of interleukin-6 receptor anticipates poorer prognosis post-ASCT. 82 Higher plasma cell labeling index is an accepted poor prognostic indicator in myeloma. 83 Abnormalities in chromosomes 11q and 13 and presence of chromosome 13 deletion and translocations t(4;14) and t(14;16) predict adverse outcomes post-SCT. 4, [84] [85] [86] 
Timing of transplant
Prolonged time (>10-12 months) between diagnosis and receiving SCT anticipates poorer survival outcomes in both auto-allo and ASCT transplant protocols. 81, 87, 88 Post-transplant molecular markers Examination of bone marrow plasma cells (BMPC) may offer a good predictor for progressive disease in those achieving complete remission post-SCT: 35 patients initially in serological CR were followed-up for a median 7.3 years post-ASCT with microscopic evaluation, identifying presence of more than 1.5% BMPC as a risk factor for progressive disease (P=0.016). 89 MRD was investigated in a study of 295 patients using multiparameter flow cytometry: 100 days post-ASCT MRD negative patients had significantly longer median PFS (71 vs 37 months, P<0.001) and OS (not reached vs 89 months, P=0.002). 90 
Disease stage according to staging system
The Southwest Oncology Group and the International Staging System are the most reliable predictors of PFS and OS, better still if used at time of diagnosis rather than time of transplant. 91 Patients' characteristics including performance status and age Lower Karnofsky performance status score (<90%) is a poor prognostic factor. 81 A study of the EMBT Registry assessed prognostic factors in ASCT, associating male sex and age under 45 years with better survival. 77 Other studies have questioned this association between age and transplant outcome, concluding that other factors have a more prominent influence and age alone should not be an exclusion criterion. 92 
Role of transplantation in advanced disease and elderly patients
The majority of patients deemed suitable for transplantation, especially allogeneic, are younger. Most of the above studies are in newly diagnosed young patients with limited information on what actually accounts for a large number of patients encountered in clinical practice: elderly, heavily pre-treated, with multiple co-morbidities. Some studies have investigated alternative approaches to address this, such as triple ASCT. 50, 51 Some small studies have reported that SCT is a safe option for selected elderly patients. A retrospective case-matched analysis of 71 pairs of elderly patients found that MEL100 with ASCT was superior to melphalan and prednisolone in terms of CR, EFS and OS. 93 Small comparative studies of high-dose melphalan and ASCT in selected elderly and younger populations found that this protocol was safe and effective. 94, 95 On the contrary, another study comparing thalidomide and ASCT with thalidomide maintenance therapy in previously untreated, elderly patients identified a greater response in the transplant group that was associated with increased side effects and did not improve survival. 96 Larger studies are required for more conclusive information; this is especially relevant as the majority of myeloma patients are elderly, with a median age of 65 years. 94 
Future therapies
In spite of many improvements in preparative/maintenance regimens and the accepted benefits of ASCT, there is still a lack of an overall plateau in OS curves and, therefore, a cure per se for myeloma has still not been achieved. This is likely to be due to residual tumor cells and strategies currently under investigation aim to target these.
Allogeneic transplant developments
The immune-mediated anti-tumor, graft-versus-myeloma (GvM) effect of allogeneic stem cells on the host is one promising area of research arising from the genetic disparity between donor and recipient. However, this is offset by the similarly immune-mediated but problematic GvHD, a significant cause of morbidity.
Donor lymphocyte infusions
In an attempt to enhance anti-tumor activity, donor lymphocycte infusions (DLI) are undergoing trials which may enhance immune reconstitution and GvM effect. 97 The GvM effect in response to DLI appears to result from a more global immune reaction, with an antibody response to myeloma-associated antigens. 98 Adversely, GvHD is increased with DLI, with an incidence of 50% in one study. 99 Nevertheless DLI is a promising option warranting further investigation. 100 Targeting myeloma-specific antigens
In order to maximize GvM effect and dissociate it from GvHD, tumor specific reactions are being explored. One study identified specific Tcell clones post-DLI in relapsed MM; using PCR they identified a GvM effect T-cell population present in low levels before and high levels after DLI, and therefore thought to be donor-derived. 101 Donor-derived cytotoxic T cells specific to the myeloma-associated sperm protein 17 have been developed in vitro using antigen-pulsed dendritic cells; these could potentially be administered post-transplant to mediate the GvM effect, avoiding GvHD. 102 Cancer-testis antigens, which are expressed in more than 55% of myelomas and not found in healthy bone marrow, are another proposed site for anti-tumor action; antibody responses to these antigens were identified post but not pre-allo-SCT. 103 Allo-stem cell transplantation and autologous hematopoietic stem cell transplantation vaccine therapies
Vaccines, using myeloma-specific proteins isolated from host plasma prior to stem cell harvest to induce tumor specific donor T-cell responses have been studied in small clinical trials. One such trial observed good response and survival rates in surviving recipients; although numbers were small, this is a promising strategy and appears to be safe and feasible. 104 Vaccine therapy is also being explored in ASCT as a consolidative therapy. A small case-control study formed a vaccine by incubating autologous antigen-presenting cells, including dendritic cells, with autologous serum containing myeloma proteins collected pre-transplant. They found improved OS in those receiving the vaccine. 105 
Monoclonal antibodies in multiple myeloma
Currently confined to mainly pre-clinical studies, this therapy shows promise for the future. A recent review summarizes potential targets, particularly 2 m, which are present in tumor cells or the surrounding bone marrow environment, or play a role in the interaction between these components. 106 
Conclusions
The benefits of ASCT as part of a treatment plan for myeloma in young and increasingly older patients are well recognized. Tandem transplantation plays a role, particularly when 1 st transplant does not achieve an adequate response. Timing is another important factor in the context of both 1 st and 2 nd SCT: it is an ongoing debate as to whether these should be administered upfront or as salvage therapy in eligible patients. The latter point becomes particularly relevant with the development of better induction regimens which improve response rates pre-transplant; it has even been proposed that these may reduce the need for front-line transplants altogether. 107 Allo-SCT is still only used in the context of clinical trials, but these studies have clarified many potential immunotherapy strategies. Consolidation treatment post-SCT improves CR/nCR and PFS. Molecular targets have also been identified through studies of prognostic markers. Novel targeted therapies which include vaccines, explored in both allo-SCT and, more recently ASCT, and monoclonal antibodies aim to address the ongoing problem of recurrent relapse in myeloma patients in spite of all standard treatment currently in use. Larger, randomized, prospective clinical trials are required, and longer follow up is also imperative, as many outcomes will only become apparent after many years.
